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Abstract 18 
Extremes of selenium (Se) exert toxic effects on plants’ physiological processes; 19 
although plant species tolerate Se differently. This study focuses on the effect of Se (0, 20, 50 20 
or 100 μM sodium selenite) on secondary nitro-oxidative stress processes mainly using in situ 21 
microscopic methods in non-accumulator Arabidopsis thaliana and secondary Se accumulator 22 
Brassica juncea. Relative Se tolerance or sensitivity of the species was evaluated based on 23 
growth parameters (fresh and dry weight, root growth) and cell viability. Besides, selenite-24 
triggered cell wall modifications (pectin, callose) and stomatal regulations were determined for 25 
the first time. In case of Arabidopsis, relative selenite sensitivity was accompanied by decreased 26 
stomatal density and induced stomatal opening, callose accumulation, pronounced oxidative 27 
stress and moderate nitrosative modifications. In contrast, the selenite-treated, relatively 28 
tolerant Brassica juncea showed larger number of more opened stomata, pectin accumulation, 29 
moderate oxidative and intense nitrosative stress. These suggest that selenite tolerance or 30 
sensitivity is rather associated with oxidative processes than secondary nitrosative 31 
modifications in higher plants. 32 
Key words: Arabidopsis thaliana; Brassica juncea; cell wall modifications; nitro-oxidative 33 
stress; selenite. 34 
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1. Introduction 36 
Selenium (Se) is a naturally occurring non-metal element, which is in many ways special 37 
and exists in many interchangeable oxidized and organic, inorganic forms. Elevated Se 38 
concentrations are naturally found in soils derived from Cretaceous shale rock (Kabata-Pendias, 39 
1998) and Se may accumulate in the environment as the result of anthropogenic activities 40 
(Terry, 2000). Se shows chemical similarities with sulphur (S), therefore plants use their S 41 
uptake and metabolism system to assimilate Se. Some species in Brassicaceae family like 42 
Brassica juncea are sulphur loving and consequently are capable of accumulating larger amount 43 
of Se in their tissues (Pilon-Smits and Quinn, 2010). Additionally, these so-called secondary 44 
accumulators show reduced sensitivity to the presence of Se. On the other hand, most plant 45 
species, like the model plant Arabidopsis thaliana are non-Se-accumulators since they 46 
accumulate less than 25 µg Se/g dry weight and they cannot tolerate elevated Se levels in their 47 
environment (El-Ramady et al., 2015). Besides the plant species, also the applied Se form and 48 
the plants’ age determine the rate of Se toxicity. The main consequences of Se excess, which 49 
are responsible for its toxicity, are the malformation of non-specific selenoproteins, reactive 50 
oxygen species (ROS) production and oxidative stress (Van Hoewyk, 2013). For the pro-51 
oxidant properties of Se forms, the depletion of the major antioxidant, glutathione is principally 52 
responsible (Van Hoewyk, 2013). Also the disturbance in reactive nitrogen species (RNS) 53 
homeostasis and the consequent nitrosative stress are induced as the effect of Se (Lehotai et al., 54 
2016a; Kolbert et al., 2016). The term RNS is used to describe the family of nitric oxide (NO.) 55 
originated molecules like, inter alia, peroxynitrite (ONOO-), S-nitrosoglutathione (GSNO) or 56 
nitrogen dioxide radical (.NO2) (Corpas et al., 2007). The intense production of RNS leads to 57 
macromolecule modifications resulting in nitrosative stress (Corpas et al., 2007; Valderrama et 58 
al., 2007). Posttranslational modification of proteins caused by tyrosine nitration is becoming a 59 
useful marker of nitrosative processes in plant systems (Corpas et al., 2013). Nitration of certain 60 
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tyrosine amino acids occurs in two steps resulting in the formation of 3-nitrotyrosine which 61 
induces alterations in protein structure and function and through the prevention of tyrosine 62 
phosphorylation it may influence signal transduction as well (reviewed by Kolbert et al., 2017).  63 
Plants evolved protection mechanisms against damaging effects of excess Se such as 64 
the production and emission of volatile compounds like dimethyl(di)selenide (DMDSe) (El-65 
Ramady et al., 2015). The rate of Se volatilization varies in plant kingdom which is determined 66 
also by the forms of Se (de Souza et al., 2000). In addition to protecting against Se toxicity 67 
within the plant tissues, Se volatilization may also have important ecological role like deterring 68 
herbivores and affecting neighbouring plants (Schiavon and Pilon-Smits, 2017a).  69 
Several plant species are capable of modifying the chemical composition of their cell 70 
walls in order to prevent heavy metals from entering the cytoplasm. Increased formation and 71 
deposition of lignin or callose effectively reduces metal absorption thus facilitates plant survival 72 
and at the same time can partly be responsible for growth inhibition in metal-exposed 73 
environment (Le Gall et al., 2015). Moreover, heavy metal-triggered alterations in contents and 74 
methylesterification, acetylation status of pectins greatly determine heavy metal binding and 75 
the porosity of the cell wall thus its capability for growth (Le Gall et al., 2015).  76 
Our research was motivated partly by the fact that Se-induced cell wall modifications 77 
and their possible correlations with Se tolerance are almost completely unknown. Similarly, our 78 
knowledge is incomplete regarding the regulatory effect of Se on stomata; although Se 79 
volatilization has been extensively studied in several plant species. Se has shown to induce 80 
nitro-oxidative stress in non-accumulator pea (Lehotai et al., 2016a), but the relationship 81 
between nitrosative processes and Se tolerance has not been examined so far. Our further aim 82 
was to evaluate the possible nitro-oxidative stress-inducing effect of selenite in non-83 
accumulator Arabidopsis thaliana and secondary accumulator Brassica juncea. 84 
6 
 
2. Materials and methods 85 
2.1.Plant growth conditions 86 
Experiments were carried out with Brassica juncea L. Czern (cv. Negro Caballo) and 87 
Arabidopsis thaliana L. Heynh (Columbia-0). Seeds of both species were surface sterilised in 88 
5% (v/v) sodium hypochlorite, then placed on perlite (in case of Brassica seeds) or on ½ 89 
Murashige-Skoog medium (in case of Arabidopsis) in Eppendorf tubes floating on Hoagland 90 
solution. In case of Brassica, the seedlings were pre-cultivated for nine days and then treated 91 
with 0 (control), 20, 50 or 100 µM sodium selenite (Na2SeO3) for one week meaning that 92 
Brassica plants were 16-days-old at the time of the sampling. In order to obtain the appropriate 93 
amount of biomass, Arabidopsis plants were grown in Hoagland solution for three weeks before 94 
being treated with the same selenite concentrations like mustard for one week. Arabidopsis 95 
thaliana plants were 28-days-old at the time of harvesting. Anoxia was prevented with constant 96 
aeration of the nutrient solution. Both plant species were grown during controlled conditions 97 
(150 µmol m−2/s photon flux density, 12h/12h light/dark cycle, relative humidity 55–60% and 98 
temperature 25±2 ºC). All chemicals used during the experiments were purchased from Sigma-99 
Aldrich unless stated otherwise. 100 
 101 
2.2.Se content analysis 102 
Leaf and root materials of Arabidopsis and Brassica were harvested separately and 103 
washed in distilled water then dried at 70 ºC for 72 hours. Nitric acid (65% w/v, Reanal, 104 
Hungary) and hydrogen peroxide (H2O2, 30%, w/v, VWR Chemicals, Hungary) were added to 105 
dried plant material. The samples were destructed at 200 ºC and 1600 W for 15 min. After 106 
appropriate dilutions, Se concentrations were determined by inductively coupled plasma mass 107 
spectrometry (ICP-MS) (Agilent 7700 Series, Santa Clara, USA). Se concentrations are given 108 
in µg/g dry weight (DW).  109 
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 110 
2.3.Evaluation of growth parameters, root system morphology and root cell viability 111 
Fresh and dry weights of plant materials were measured using a balance and the values 112 
are given in mg. Primary root length was measured manually and expressed as centimetre. Also 113 
the number of visible lateral roots were counted manually and expressed as pieces/root.  114 
In order to evaluate Se tolerance of the species, cell viability in root apical meristem 115 
was determined by using fluorescein diacetate (FDA) fluorophore according to Lehotai et al. 116 
(2011). Root tips were incubated in 10 µM FDA solution (prepared in 10/50 mM MES/KCl 117 
buffer, pH 6.15) for 30 min in darkness and were washed four times in buffer.  118 
 119 
2.4.Microscopic visualization of cell wall modifications in the root system 120 
Callose was detected with aniline blue fluorescent dye according to Cao et al. (2011) 121 
with slight modifications. The stain was used in 0.1% (w/v) solution containing 1 M of glycine. 122 
Root tips were incubated in dye solution for 5 minutes at room temperature, then washed once 123 
with distilled water.  124 
Cell wall pectin content was visualized using 0.05% (w/v) ruthenium red (RR) solution 125 
prepared with distilled water. Root samples were incubated in RR solution for 15 minutes and 126 
were washed once with distilled water according to Durand et al. (2009). 127 
 128 
2.5.Examination of stomatal parameters 129 
Plant leaves were submerged in MES/KCl buffer (10/50 mM, pH 6.15) and the 130 
epidermal layers were carefully removed using forceps. In every case, strips were prepared from 131 
the same part of the leaf blade, avoiding leaf veins. The epidermal cell layers were put on slides 132 
using the previous buffer. Pictures were taken with a microscope (Zeiss Axiovert 200M) using 133 
10x and 40x object lenses. Image analysis was carried out using Axiovision Rel. 4.8 software. 134 
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Stomatal density (pieces/mm2) was analysed by counting all stomata in a 200 µm diameter 135 
circle. For the stomatal opening analysis, the widths of the stomatal pores were measured and 136 
the data are given as µm.  137 
 138 
2.6.In situ detection of ROS, glutathione, cell-wall peroxidase activities, lipid 139 
peroxidation and RNS in the root tips  140 
 141 
Dihydroethidium (DHE) at 10 µM concentration was applied for the detection of 142 
superoxide anion levels. Root segments were incubated in darkness at 37 ºC for 30 min, and 143 
washed two times with Tris-HCl buffer (10 mM, pH 7.4) (Kolbert et al., 2012).  144 
Hydrogen peroxide levels were examined using 50 µM Amplex Red (10-acetyl-3,7 145 
dihydroxyphenoxazine) dye solution in sodium phosphate buffer (50 mM, pH 7.5), then washed 146 
once with the same buffer according to Lehotai et al. (2012).  147 
Cellular glutathione levels were detected with the help of monobromobimane (MBB) 148 
fluorophore. Root tips were stained in 100 µM dye solution (prepared in distilled water) for 60 149 
min, and then washed once (Lehotai et al., 2016a).  150 
Cell wall peroxidase (POD) activity was examined using 0.2% (w/v) pyrogallol solution 151 
containing 0.03% (v/v) hydrogen peroxide prepared in 10 mM phosphate buffer (pH 7.0). 152 
Samples were incubated for 15 minutes in room temperature and washed two times with 153 
distilled water (Eleftheriou et al., 2015). 154 
Reactive aldehydes produced during lipid peroxidation were visualized using 155 
Schiff’s reagent according to Arasimowicz-Jelonek et al. (2009). Root tips were incubated in 156 
dye solution for 20 minutes and then the reagent was replaced by 0.5% (w/v) K2S2O5 (prepared 157 
in 0.05M HCl) for a further 20 minutes. 158 
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Nitric oxide level of the root tips was monitored with the help of 4-amino-5-159 
methylamino- 2′,7′-difluorofluorescein diacetate (DAF-FM DA) according to Kolbert et al. 160 
(2012).  Root segments were incubated in 10 µM dye solution for 30 min (darkness, 25±2 oC), 161 
and washed twice with Tris-HCl (10 mM, pH 7.4).  162 
Peroxynitrite was visualised with 10 µM dihydrorhodamine 123 (DHR) prepared in 163 
Tris-HCl buffer. After 30 min of incubation, root tips were washed with buffer two times 164 
(Sarkar et al., 2014). 165 
Microscopic analysis of epidermal strips and stained root tips was accomplished under 166 
Zeiss Axiovert 200 M inverted microscope (Carl Zeiss, Jena, Germany) equipped with a high-167 
resolution digital camera (AxiocamHR, HQ CCD, Carl Zeiss, Jena, Germany). Filter set 10 168 
(exc.: 450–490, em.: 515–565 nm) was used for FDA, DAF-FM and DHR, filter set 9 169 
(exc.:450–490 nm, em.:515–∞ nm) for DHE and Amplex Red and filter set 49 (exc.: 365 nm, 170 
em.: 445/50 nm) was applied for MBB and aniline blue. Circles of 100 µm radii were applied 171 
for measuring of the pixel intensity on digital photographs using Axiovision Rel. 4.8 software 172 
(Carl Zeiss, Jena, Germany).  173 
 174 
2.7.Detection of nitrated proteins using SDS-PAGE and western blotting 175 
Fresh leaf and root tissues of Arabidopsis and Brassica were grounded with double 176 
volume of extraction buffer (50 mM Tris–HCl buffer pH 7.6–7.8) containing 0.1 mM EDTA, 177 
0.1% Triton X-100 and 10% glycerol and centrifuged at 12,000 rpm for 20 min at 4°C. The 178 
protein extract was treated with 1% protease inhibitor cocktail and stored at -20 °C. Protein 179 
concentration was determined using the Bradford (1976) assay with bovine serum albumin as 180 
a standard. 181 
25 µg of denaturated root and shoot protein were subjected to sodium dodecyl sulphate-182 
polyacrylamide gel electrophoresis (SDS-PAGE) on 12 % acrylamide gels. The proteins were 183 
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transferred to PVDF membranes using the wet blotting procedure (25 mA, 16h) for 184 
immunoblotting. After transfer, membranes were used for cross-reactivity assays with rabbit 185 
polyclonal antibody against 3-nitrotyrosine diluted 1:2000. Immunodetection was performed 186 
by using affinity isolated goat anti-rabbit IgG-alkaline phosphatase secondary antibody in 187 
dilution of 1:10000, and bands were visualized by using NBT/BCIP reaction. Nitrated bovine 188 
serum albumin served as positive control. 189 
2.8.Statistical analysis 190 
All results are shown as mean±SE. Data were statistically evaluated by Duncan’s 191 
multiple range test (One-way ANOVA, P≤0.05) using SigmaPlot 12 or by Student’s T-test 192 
applying Microsoft Excel 2010. All experiments were carried out at least two times with at least 193 
3-10 samples each.  194 
 195 
 196 
 197 
  198 
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3. Results and Discussion 199 
3.1. Se accumulation and translocation in selenite-treated Arabidopsis and Brassica 200 
In the root and shoot tissues of both 28-days-old Arabidopsis and young Brassica juncea 201 
plants, Se concentration increased as the effect of exogenous selenite treatments (Fig 1AB). 202 
Total Se concentrations showed 28-, 125- and 300-fold accumulation in shoot tissues of 20, 50 203 
and 100 µM selenite-treated Arabidopsis, respectively (Fig 1A). In Brassica shoots (Fig 1B), 204 
the degree of accumulation proved to be smaller (19-, 26- and 68-fold in case of 20, 50 and 100 205 
µM selenite treatment, respectively) compared to Arabidopsis. In roots, Se accumulations were 206 
70-, 128 and 220-fold in case of Arabidopsis, and 57-, 133- and 264-fold in case of 20, 50 and 207 
100 µM selenite treated Brassica. This means that the Se accumulation capacity of young 208 
Brassica juncea roots a bit surpasses that of the older Arabidopsis. At the same time, it is quite 209 
surprising that the accumulation capacity of young, secondary Se accumulator Brassica plant 210 
is comparable with that of the older, non-accumulator Arabidopsis. This means that Brassica 211 
plants at the early growth stage do not show such rate of accumulation capacity that is typical 212 
for secondary accumulators. The roots of both species showed much higher Se contents 213 
compared to shoots and also the degree of accumulation proved to be higher in the root system 214 
than in the aerial plant parts, which is the result of the poor translocation capacity of selenite as 215 
described earlier (de Souza et al., 1998; Zayed et al., 1998). Indeed, selenite is retained in the 216 
root system where it is rapidly converted to organic forms, particularly to selenomethionine 217 
(Zayed et al., 1998). 218 
3.2.Selenite affects organ development and viability of Arabidopsis and Brassica 219 
The lowest applied selenite concentration did not influence shoot and root growth, while 220 
higher selenite doses significantly inhibited growth in both organs of mature (28-days-old) 221 
Arabidopsis thaliana. The shoot fresh weight decreased to one fifth and the root fresh weight 222 
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showed 50% reduction as the effect of 100 µM selenite (Fig 2AC), while in case of young 223 
Brassica juncea plants, 20 and 50 µM selenite did not decrease shoot fresh and dry weights and 224 
100 µM Se caused diminution only in fresh weight but not in dry weight (Fig 2B). Both the 50 225 
and the 100 µM Se resulted in serious (~50%) losses of root weights in Arabidopsis (Fig 2C), 226 
while in Brassica, 50 µM selenite reduced only fresh weight and 100 µM selenite resulted in 227 
significant fresh and dry weight reductions (root fresh weight was halved compared to control, 228 
Fig 2D). Therefore, critical Se concentration, which induces 50% growth reduction was ~120 229 
µg/g dry weight in Arabidopsis and was ~250 µg/g dry weight in case of Brassica indicating 230 
the pronounced Se sensitivity of Arabidopsis comparted to Brassica. Moreover, in case of 50 231 
and 100 µM selenite, leaf area, leaf number and petiole length decreased (Fig 2E, data not 232 
shown), but visible symptoms of selenite toxicity such as chlorosis or necrosis could not be 233 
observed in leaves of the species (Fig 2E). Indeed, asymptomatic Se accumulation in a wide 234 
concentration range is typical for many plant species (Gupta and Gupta, 2017).    235 
As to the root system, primary root (PR) elongation, lateral root (LR) number and root 236 
meristem cell viability was determined in younger Brassica juncea and older Arabidopsis 237 
thaliana plants (Fig 3). 238 
In Arabidopsis, 20 µM selenite did not cause PR shortening, but slightly induced LR 239 
formation (Fig 3A) resulting in larger fresh weight (Fig 2C). In Brassica root system, the 240 
positive effect of low Se dose was manifested in induced elongation of the primary root (Fig 241 
3B). Moreover, 50 and 100 µM selenite resulted in a slight, non-significant induction of LR 242 
formation (Fig 3B). More severe selenite exposure (both 50 and 100 µM) led to the inhibition 243 
of PR elongation and to the reduction of LR number (Fig 3A) which together resulted in root 244 
weight loss (Fig 2C) of Arabidopsis, but only 100 µM Se was able to inhibit PR elongation and 245 
Se had no influence at all on LR emergence of Brassica (Fig 3B). The observed alterations in 246 
root developmental processes faithfully reflect Se tolerance (Tamaoki et al., 2008; Freeman et 247 
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al., 2010; Zhang et al., 2007) of Brassica and relative sensitivity of Arabidopsis. Selenite-248 
induced inhibition of primary root elongation is partly due to the decrease in root apical 249 
meristem (RAM) cell division as it was observed in Arabidopsis model plant (Lehotai et al., 250 
2016b). 251 
Cell viability of the root meristem as an indicator of stress tolerance was determined by 252 
microscopy. All applied concentrations decreased viability in Arabidopsis root tips, while in 253 
case of Brassica juncea, 50 and 100 µM selenite caused only moderate viability loss (Fig 3CD). 254 
Besides inhibited cell division, the observed viability loss in RAM cells may also contribute to 255 
the growth inhibition at the organ level. In addition, the viability of RAM cells shows a good 256 
correlation with the Se tolerance or sensitivity of the plant species. Based on the effects of 257 
selenite on growth parameters, on PR elongation and on meristem cell viability, 28-days-old 258 
Arabidopsis plants showed sensitivity relative to younger Brassica plants, which is in 259 
accordance with earlier literature data (reviewed by Schiavon and Pilon-Smits, 2017). 260 
3.3. Processes to reduce the amount of absorbed Se: stomatal regulation  261 
The number and the opening of stomata determine the rate of Se volatilization, which is 262 
an effective way to reduce tissue Se content.  Therefore, the density and the opening of stomata 263 
were examined in selenite-exposed Arabidopsis thaliana and Brassica juncea (Fig 4).  264 
All applied selenite concentrations decreased the amount of stomata in Arabidopsis leaf 265 
epidermis (Fig 4A). In case of higher selenite doses, 1.5-times less stomata could be observed 266 
than in control plants (Fig 4 AEF); however, the sizes of stomatal apertures proved to be 267 
significantly larger as the effect of all applied selenite concentrations (Fig 4 CEF). In contrast, 268 
the lowest exogenous selenite concentration significantly increased both the sizes of stomatal 269 
apertures (Fig 4D) and the number of stomata per unit area (Fig 4B) in young Brassica juncea 270 
resulting in larger number of more opened stomata compared to control. Similarly, 100 µM 271 
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selenite caused enhancement of stomatal number and opening (Fig 4 BD). Microscopic images 272 
representing the data are shown in Fig 4 GH. Microscopic analysis of stomatal parameters is 273 
much less examined compared to stomatal conductance, which is determined by stomatal 274 
density and the stomatal size. Se treatments caused increased stomatal conductance in tobacco 275 
or in alfalfa (Jiang et al., 2015; Hajiboland et al., 2015). In other plants, like cucumber or maize, 276 
treatments with Se forms resulted in decreased stomatal conductance (Haghighi et al., 2016; 277 
Jiang et al., 2017) suggesting that the effect of Se forms on stomatal parameters depends on the 278 
examined species. In our experiments, the more tolerant Brassica juncea showed 20 and 100 279 
μM selenite-induced increment in stomatal density and size supposedly creating decreased 280 
stomatal conductance and possibly contributing to enhanced Se volatilization. In 281 
hydroponically grown, 40 μM selenite-treated Brassica juncea, the rate of Se volatilization was 282 
60 μg/g fresh weight/day (Van Huysen et al., 2003) on the basis of which it can be considered 283 
as well-volatilizing species (Terry et al., 1992).  Moreover, the rate of volatilization was shown 284 
to correlate with endogenous Se content of the leaf (Terry et al., 1992) suggesting that Se or its 285 
volatile forms serve as direct signals for stomatal opening rather than an indirect regulation 286 
through the disturbance of water status. Although, regarding the complex signal mechanism of 287 
Se-regulated stomatal movements, we have no solid literature evidence yet. Occasionally purple 288 
discolorations appeared on the leaves of 100 µM selenite-treated Brassica juncea, which could 289 
be the results of anthocyanin accumulation (Fig 4 I) as it was reported in maize (Hawrylak-290 
Nowak, 2008) or in purple lettuce (Liu et al., 2017). In the latter species, expressions of genes 291 
involved in anthocyanin biosynthesis like UDP glycose flavonoid glycosyl transferase (UFGT) 292 
and flavanone 3-hydroxylase (F3H) were upregulated by selenite (Liu et al., 2017). Because of 293 
their competitive uptake system selenite exposure may trigger phosphorous deficiency (Li et 294 
al., 2008) which in turn may result in purple pigmentation of the leaves. The accumulated 295 
anthocyanins can act as antioxidants, UV protectors or metal chelators (Winkel-Shirley, 2002). 296 
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Anthocyanin formation was visible in epidermis of Brassica leaves (Fig 4 IJ) where they can 297 
interact with the metals (Landi, 2015) or in our case with the accumulated Se. Namely high 298 
concentrations of Se were observed in large epidermal storage cells (Freeman et al., 2006; 299 
2010), where anthocyanin accumulation seems also to be localized (Fig 4 IJ). 300 
3.4. Processes to reduce the amount of absorbable selenite in the root system: cell wall 301 
modifications  302 
Modifications in cell wall composition and structure may contribute to tolerance in the 303 
element-exposed environment and is concomitantly able to inhibit root growth. Pectin, callose 304 
and lignin were microscopically visualized in lateral root tips of both plant species (Fig 5).  305 
In the roots of four-weeks-old Arabidopsis, 20 and 100 µM selenite did not influence 306 
pectin staining pattern of control root tips, while 50 µM selenite slightly increased pink 307 
coloration indicating pectin presence in the meristem and root cap region (Fig 5A, indicated by 308 
white arrowhead). In contrast, in 20 µM selenite-treated young Brassica roots, pectin staining 309 
became remarkably intense in the whole lateral root (Fig 5B). In case of 50 and 100 µM selenite, 310 
the intensified presence of pectin staining could be observed only in the elongation zone of the 311 
LRs (Fig 5B). For the increase in pectin content, Se-triggered down-regulation of 312 
pectinesterases (At5g04960; At2g45220; At3g10710) may be partly responsible as was found 313 
in a transcriptome analysis of Arabidopsis thaliana (Van Hoewyk et al., 2008). Pectin may act 314 
as a metal (e.g. Pb, Cd, Al) binding element of the cell wall contributing to the protection of 315 
cytoplasm against high metal dosages (Polec-Powlak et al., 2007; Douchiche et al., 2010, 316 
Hossain et al. 2006). Interestingly, in case of 20 μM selenite-treated Brassica, intensified 317 
formation of pectin in lateral roots was accompanied by enhanced elongation. In general, 318 
selenite-induced pectin formation was more intense in Brassica compared to Arabidopsis, 319 
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which supports that increased pectin content of root cell walls is a protection mechanism of 320 
tolerant plant species (El-Moneim et al., 2014).  321 
The presence of callose in cell walls was evaluated by aniline blue staining (Fig 5C). In 322 
Arabidopsis, concentration-dependent callose accumulation (~3.5-fold) was detected in the root 323 
system while in cell walls of young Brassica roots was evident only in case of 100 µM selenite 324 
exposure and proved to be slighter (~1.8-fold) than in Arabidopsis roots (Fig 5C). Callose 325 
deposition causes the appearance of extra carbohydrate layers leading to thickening of the walls 326 
and consequently preventing the metal from entering the cytoplasm (Kartusch, 2003). Callose 327 
is synthetized by callose synthase the genes of which (Os01g48200.1; Os06g02260.2) were 328 
identified as putative Se responsive genes in Lolium perenne (Byrne et al., 2010). At the same 329 
time callose deposition at the site of plasmodesmata may inhibit molecule transport which in 330 
turn may contribute to growth inhibition (Zavaliev et al., 2011; Fig 3A). According to the 331 
literature, callose accumulation is typical for sensitive species (Llugany et al., 1994; Pirselová 332 
et al., 2012) like Arabidopsis thaliana in our experimental system (Fig 5C). Additionally, lignin 333 
deposition may be a protection mechanism in element-exposed environment (Le Gall et al., 334 
2015). During one-week selenite treatment, lignification could not be microscopically observed 335 
either in Arabidopsis or in Brassica root system, but longer treatment period resulted in slight 336 
lignin deposition in tolerant Brassica (data not shown).  337 
3.5. Selenite influences ROS levels, peroxidases and induces lipid peroxidation in the 338 
root system of Arabidopsis and Brassica 339 
In the roots of Arabidopsis, the lowest applied selenite concentration resulted in 340 
significantly higher superoxide anion levels compared to control just like the more severe 341 
selenite doses (Fig 6A). In young Brassica roots, 20 and 50 μM selenite did not significantly 342 
influence superoxide levels, but 100 µM selenite exposure resulted in 2.5-fold formation of 343 
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superoxide anion compared to control (Fig 6B). Moreover, the levels of H2O2 increased as the 344 
effect of 50 µM selenite and showed a notable, 3-fold accumulation in 100 µM selenite-treated 345 
Arabidopsis roots (Fig 6C), but it showed a modest (1.5-fold) elevation only in 100 µM selenite-346 
treated Brassica roots (Fig 6D). These results support that Se-compounds may evolve pro-347 
oxidant effects disturbing the redox status of plant cells (Van Hoewyk, 2013). Intense 348 
formations of different ROS like superoxide radical and hydrogen peroxide were reported in 349 
both organs of several plant species (Tamaoki et al., 2008; Freeman et al., 2010; Lehotai et al., 350 
2012; 2016ab; Chen et al., 2014; Dimkovikj and Van Hoewyk, 2014). Glutathione levels 351 
(examined in MBB-stained root tips) significantly decreased as the effect of the most severe 352 
applied Se treatment in Arabidopsis (Fig 6E), but both 50 and 100 µM selenite effectively 353 
decreased GSH content in Brassica roots (Fig 6F). Beyond the present experimental system, 354 
Se-triggered depletion of endogenous glutathione pool was observed in plant species like 355 
Arabidopsis thaliana, Stanleya pinnata, Brassica napus, Pisum sativum (Tamaoki et al., 2008; 356 
Freeman et al., 2010; Dimkovikj and Van Hoewyk, 2014; Lehotai et al., 2016). The reason for 357 
the selenite-triggered decrease in GSH content may be the interaction between reduced GSH 358 
and selenite yielding selenodiglutathione and superoxide radical (Terry et al., 2000; Schiavon 359 
and Pilon-Smits, 2017). This is supported by the increased formation of superoxide as the effect 360 
of 100 μM selenite treatment especially in Brassica juncea (Fig 6B). Glutathione is a major 361 
plant antioxidant (Noctor et al., 2012), therefore the decrease in its endogenous content can be 362 
a significant cause of Se-induced oxidative stress (Van Hoewyk, 2013). Additionally, since 363 
glutathione is associated with auxin transport and is involved in the maintenance of root growth 364 
(Koprivova et al., 2010), its depletion within the root tip tissues may contribute to the inhibition 365 
of root elongation in both plant species (Fig 3AB).  366 
 367 
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Brown pyrogallol staining indicates activity of cell-wall peroxidases (PODs), which 368 
were induced by all Se concentrations in Brassica (Fig 6H) and by 50 and 100 µM selenite in 369 
Arabidopsis (Fig 6G). Cell-wall peroxidases are involved in polymerization of lignin monomers 370 
using H2O2 (Siegel, 1953); however, their selenite-induced activation did not result in 371 
microscopically detectable lignification neither in Arabidopsis thaliana nor in Brassica juncea 372 
roots (data not shown). Cell wall-associated PODs also influence oxidative coupling reactions 373 
involving phenolics that are esterified to cell wall polysaccharides and formation of 374 
isodityrosine bridges that are thought to crosslink structural proteins (Fry, 1986). Based on their 375 
actions, PODs are considered to be involved in wall rigidification (Cosgrove, 1997) and thus 376 
their activation may result in growth inhibition (Fig 3AB). Pink staining showing the intensity 377 
of lipid peroxidation proved to be pronounced in 50 and 100 µM selenite-treated Arabidopsis 378 
root tips (Fig 6I). In Brassica, 50 µM selenite treatment caused only slight pink coloration in 379 
the root tip, while the highest applied selenite dose triggered more intense lipid peroxidation 380 
(Fig 6J). Enhanced formation of reactive oxygen species causes peroxidation of 381 
polyunsaturated fatty acids, yielding aldehydes such as 4-hydroxynonenal (4-HNE) and 382 
malondialdehyde (MDA) (Hartley et al. 1999). These aldehydic products of lipid peroxidation 383 
are widely accepted markers of oxidative stress and can be microscopically detected by Schiff’s 384 
staining method (Pompella et al., 1987).  385 
Results show that selenite proved to be pro-oxidant in both species. However, if we 386 
compare the susceptibility of the species with the degree of lipid peroxidation in the examined 387 
species, we can conclude that the sensitive Arabidopsis showed more intense selenite-induced 388 
lipid peroxidation compared to Brassica juncea. In case of both Arabidopsis and Brassica, 389 
peroxidation of lipids seems to be associated with the simultaneous formation of selenite-390 
triggered superoxide and hydrogen peroxide in the root tips (Fig 6). 391 
 392 
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3.6. Selenite alters reactive nitrogen species levels in Arabidopsis and Brassica root tips 393 
The formation of ROS is closely related to the production and signalling of reactive 394 
nitrogen species, therefore the level of RNS forms and their nitration effect on proteome was 395 
examined (Fig 7). 396 
Milder selenite doses caused significant diminution of nitric oxide levels, while 100 µM 397 
selenite did not influence NO production in Arabidopsis root tips (Fig 7A). In young Brassica 398 
roots, none of the Se concentrations influenced NO levels (Fig 7B). The effects of Se forms on 399 
NO. levels are diverse since selenite-induced NO. production was reported in pea and Brassica 400 
rapa roots (Lehotai et al., 2016a; Chen et al., 2014), while similarly to the data of the present 401 
study, NO. levels significantly decreased as the effect of Se exposure in other species like agar-402 
grown Arabidopsis seedlings (Lehotai et al., 2016b). In the latter experimental system, data 403 
suggested that NO. diminution was independent from nitrate reductase activity and selenite-404 
induced cytokinin accumulation negatively influences NO. levels (Lehotai et al., 2016b) 405 
possibly through a direct chemical reaction (Liu et al., 2013). In contrast, peroxynitrite-406 
dependent fluorescence showed notable increment as the effect of all selenite concentrations in 407 
Arabidopsis (Fig 7C) and as the effect of higher Se doses in Brassica (Fig 7D). This means that 408 
selenite was able to induce its significant peroxynitrite production in the root system of both 409 
species; however, the rate of its accumulation seems to be related to Se sensitivity.  410 
Protein tyrosine nitration as the consequence of peroxynitrite accumulation was 411 
examined in whole protein extracts of the shoot and root using western blot analysis (Fig 7E). 412 
In both organs of untreated Arabidopsis and Brassica, several protein bands showed 413 
immunoreactivity against 3-nitrotyrosine (Fig 7E) which indicates that in case of both species, 414 
both organs contain physiological tyrosine nitroproteome meaning that a certain protein pool is 415 
in nitrated state even under stress-free conditions. Similarly, basal tyrosine nitration in case of 416 
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control sunflower, pea and pepper plants have earlier been reported (Chaki et al., 2009; Begara-417 
Morales et al., 2013; Chaki et al., 2015). Based on the mostly negative impact of nitration on 418 
protein activity (reviewed by Kolbert et al., 2017), physiological tyrosine nitroproteome of 419 
healthy plants can be considered as an inactive part of the endogenous protein pool. Moreover, 420 
protein pool of the control root system seems to be more affected by tyrosine nitration compared 421 
to the shoot (Lehotai et al., 2016a) especially in Arabidopsis plants. In Arabidopsis shoot, signal 422 
intensification of the immunoreactivity towards 3-nitrotyrosine antibody could be observed 423 
only in 50 µM selenite-treated shoot sample in case of two bands (indicated by grey arrows). 424 
In contrast, in Brassica shoots both 20 and 50 µM selenite caused intensified protein tyrosine 425 
nitration in seven bands.  In the root proteome, selenite-induced intensification of protein 426 
nitration was observed in similar number of protein bands were observed in both species 427 
(indicated by arrows), but the rate of Se-triggered nitration compared to controls proved to be 428 
more intense in case of Brassica (Fig 7E). These indicate the pronitrant effect of exogenous 429 
selenite treatment in both species; although it caused the appearance of newly nitrated protein 430 
band neither in Arabidopsis thaliana nor in Brassica juncea. Surprisingly, selenite exerted more 431 
severe effects on protein tyrosine nitration in both organs of young, more selenite tolerant 432 
Brassica plants compared to older, relatively sensitive Arabidopsis. Protein tyrosine nitration 433 
was formerly considered to be a biomarker for secondary nitrosative stress (Corpas et al., 2007; 434 
2013) and as such may be related to the degree of impairment during stress. The more intense 435 
Se-triggered protein tyrosine nitration as well as the notably high nitric oxide and peroxynitrite 436 
levels (Fig 7BD) compared to Arabidopsis can be attributed to the young age of Brassica juncea 437 
which may make it susceptible to nitrosative stress.  438 
 439 
 440 
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4. Conclusions 441 
In the present experimental system, the effect of selenite exposure was examined in 16-442 
days-old Brassica juncea and in older (4-weeks-old) Arabidopsis thaliana plants. Comparisons 443 
between the species therefore can only be made taking into account the age difference. Both 444 
examined plant lines took up selenite from the external medium and translocated it into the 445 
shoot system. Based on the slighter growth inhibition (fresh/dry weight, critical Se 446 
concentration, root length, lateral root number) and moderate viability loss, young Brassica 447 
juncea plants proved to be more tolerant to selenite exposure than older Arabidopsis thaliana. 448 
In case of Arabidopsis, relative selenite sensitivity was accompanied by decreased stomatal 449 
density and induced stomatal opening, callose accumulation, pronounced oxidative stress and 450 
moderate nitrosative modifications. In contrast, selenite-treated, relative tolerant Brassica 451 
juncea showed larger number of more opened stomata, pectin accumulation, moderate 452 
oxidative and intense nitrosative stress. These suggest that selenite tolerance or sensitivity is 453 
rather related to oxidative processes than secondary nitrosative modifications in higher plants. 454 
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Figures and captures 639 
 640 
Fig 1 Concentrations of total Se in 28-days-old Arabidopsis thaliana (A) and 16-days-old 641 
Brassica juncea (B) treated with 0 (control), 20, 50 or 100 µM sodium selenite for 7 days. 642 
Different letters indicate significant differences according to Duncan’s test (n=6, P≤0.05). 643 
 644 
Fig 2 Shoot (A, B) and root (C, D) fresh and dry weights of control and selenite-treated 28-645 
days-old Arabidopsis (A, C) and 16 days-old Brassica (B, D). Different letters indicate 646 
significant differences according to Duncan’s test (n=20, P≤0.05). Representative images of 647 
control, 20, 50 or 100 µM selenite-treated Arabidopsis thaliana and Brassica juncea shoots (E). 648 
Bar=2.5 cm.    649 
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 650 
Fig 3 Primary root length and lateral root number of 4-weeks-old Arabidopsis thaliana (A) and 651 
16-days-old Brassica juncea (B) grown in hydroponics and treated with 0 (control), 20, 50 or 652 
100 µM selenite for 7 days. Different letters indicate significant differences according to 653 
Duncan’s test (n=20, P≤0.05). (C) Cell viability of meristem cells in selenite-treated 654 
Arabidopsis and Brassica roots. The lack of significance (n.s.) or significant differences 655 
according to Student’s t-test (n = 10, *P≤0.05, **P≤0.01, ***P ≤ 0.001) are indicated. 656 
Representative fluorescent microscopic images of Arabidopsis (D) and Brassica (E) root tips 657 
stained with fluorescein diacetate. Bar=200 µm. 658 
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 659 
Fig 4 Density (A, B) and size (C, D) of stomata in epidermis of Arabidopsis (A, C) and Brassica 660 
(B, D) treated with 0 (control), 20, 50 or 100 µM selenite for 7 days. Different letters indicate 661 
significant differences according to Duncan’s test (n=200, P≤0.05). (E-H) Representative 662 
images showing stomata of control (E, G) and 100 µM selenite-treated (F, H) Arabidopsis 663 
thaliana (E, F) and Brassica juncea (G, H). Bars=50 µm. (I) Anthocyanin concentrations in the 664 
leaves of control and selenite-treated 16-days-old, hydroponically grown Brassica juncea. 665 
Statistical analysis was performed according to Duncan’s test (n=6, P≤0.05) and n.s. indicates 666 
non-significant differences. (J) Epidermal strip of 100 µM selenite-treated Brassica juncea. 667 
Pink colorations indicate anthocyanin accumulation in large epidermal storage cells (red arrow). 668 
Bar=50 µm. 669 
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 670 
Fig 5 Representative images showing pectin indicator ruthenium red staining in lateral root tips 671 
of Arabidopsis thaliana (A) and Brassica juncea (B) treated with 0 (control), 20, 50 or 100 µM 672 
selenite for 7 days in hydroponics (n=20, bars=150 µm). White arrows indicate intense signal 673 
accumulation. (C) Fluorescent intensities of aniline blue indicating callose content in root tips 674 
of control and selenite-treated Arabidopsis and Brassica. Different letters indicate significant 675 
differences according to Duncan’s test (n=10, P≤0.05).  676 
 677 
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Fig 6 Levels of superoxide (A, B), hydrogen peroxide (C, D) and glutathione (E, F) in root tips 679 
of hydroponically-grown Arabidopsis (A, C, E) and Brassica (B, D, F) treated with 0 (control), 680 
20, 50 or 100 µM selenite for 7 days. Different letters indicate significant differences according 681 
to Duncan’s test (n=10, P≤0.05). Microscopic images representing pyrogallol-stained root tips 682 
of Arabidopsis thaliana (G) and Brassica juncea (H) indicating activities of cell-wall 683 
peroxidases. Microscopic images of Schiff-reagent-labelled root tips of Arabidopsis (I) and 684 
Brassica (J) indicating lipid peroxidation. Bars=150 µm.  685 
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Fig 7 Nitric oxide (A, B) and peroxynitrite (C, D) levels in the root tips of control and selenite-687 
treated Arabidopsis (A, C) and Brassica (B, D). Different letters indicate significant differences 688 
according to Duncan’s test (n=3, P≤0.05). (E) Representative immunoblots showing protein 689 
tyrosine nitration in roots and shoots of Arabidopsis and Brassica under control conditions and 690 
during 20, 50 or 100 µM selenite treatments. Root and shoot samples (25 μg protein) were 691 
separated by SDS-PAGE and analysed by Western blotting with anti-nitrotyrosine antibody 692 
(1:2000). Commercial nitrated BSA (NO2-BSA) was used as a positive control. MM=molecule 693 
marker. Arrows indicate protein bands showing selenite-induced intensification of 694 
immunoreaction. 695 
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